In a number of bacterial pathogens, the production of virulence factors is induced at 37°C; this effect is often regulated by mRNA structures formed in the 5′ untranslated region (UTR) that block translation initiation of genes at environmental temperatures. At 37°C, the RNA structures become unstable and ribosomes gain access to their binding sites in the mRNAs. Pseudomonas aeruginosa is an important opportunistic pathogen and the expression of many of its virulence-associated traits is regulated by the quorum-sensing (QS) response, but the effect of temperature on virulence-factor expression is not well-understood. The aim of this work is the characterization of the molecular mechanism involved in thermoregulation of QS-dependent virulence-factor production. We demonstrate that traits that are dependent on the QS transcriptional regulator RhlR have a higher expression at 37°C, correlating with a higher RhlR concentration as measured by Western blot. We also determined, using gene fusions and point mutations, that RhlR thermoregulation is a posttranscriptional effect dependent on an RNA thermometer of the ROSE (Repression Of heat-Shock gene Expression) family. This RNA element regulates the expression of the rhlAB operon, involved in rhamnolipid production, and of the downstream rhlR gene. We also identified a second functional thermometer in the 5′ UTR of the lasI gene. We confirmed that these RNA thermometers are the main mechanism of thermoregulation of QS-dependent gene expression in P. aeruginosa using quantitative real-time PCR. This is the first description, to our knowledge, of a ROSE element regulating the expression of virulence traits and of an RNA thermometer controlling multiple genes in an operon through a polar effect.
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RNA thermometers | bacterial virulence | gene regulation | polarity | quorum sensing A free-living γ-proteobacterium, Pseudomonas aeruginosa is one of the most clinically important opportunistic pathogens. It is responsible for acute infections in immune-compromised individuals and is the primary cause of death in patients with cystic fibrosis (1) . The wide pathogenic capacity of this bacterium depends on its ability to produce and secrete multiple virulence factors that are regulated at the transcriptional level by the quorum-sensing (QS) response (2) . Several mechanistic details of this intricate regulatory network remain to be elucidated at the molecular level.
The QS response is mediated by the bacterial production of acyl-homoserine lactones (autoinducers) that act as signal molecules interacting with transcriptional regulators of the LuxR family. In P. aeruginosa, Las and Rhl QS regulation is arranged in a hierarchical cascade. LasR interacts with 3-oxo-dodecanoylhomoserine lactone (3O-C12-HSL) produced by the LasI enzyme, and activates the transcription of several genes encoding virulence factors and also of rhlR, lasI, and rhlI; rhlR encodes the second QS transcriptional regulator, whereas the product of the rhlI gene is the enzyme that produces butanoyl-homoserine lactone (C4-HSL), which is the autoinducer that interacts with RhlR (2, 3). RhlR/C4-HSL in turn promotes the expression of genes responsible for the production of several virulence factors. These include pyocyanin, whose biosynthetic enzymes are encoded by the two reiterated phz operons (4, 5), lectin PA-IL (product of lecA), and the rhlAB operon, encoding enzymes involved in the production of the biosurfactant rhamnolipids (2) . Transcription of rhlR is driven by five promoters (SI Appendix , Fig. S1 ); four of the start sites are located immediately upstream of the gene (6), whereas the fifth promoter drives the synthesis of a large transcription unit that includes rhlA, rhlB, and rhlR (7). We will refer to this transcription unit as the rhlAB-R operon (SI Appendix, Fig. S1 ). We have demonstrated using genetic evidence and RT-PCR that rhlR can be part of an rhlABR polycistronic unit, implying that its transcription can be started from the rhlA promoter. Because RhlR activates this promoter, an RhlR-dependent positive autoregulatory loop is formed (7).
The P. aeruginosa QS response also involves the regulon that depends on the signal molecule 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS) and the transcriptional regulator PqsR, which is not a member of the LuxR family of transcriptional regulators (2) . The virulence traits that depend on PQS regulation are mainly produced by the enhancement of the RhlR-dependent QS response, giving rise to a complex network of positive and negative
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Several human pathogenic bacteria produce virulence-associated traits only under conditions of infection, and in various instances temperature has been shown to play a major role in the regulation of their expression (8) (9) (10) . In these cases, the production of virulence determinants is completely abrogated at environmental temperatures (30°C or lower), whereas the genes encoding these factors are fully expressed at 37°C. In many organisms, the modulation of the expression of genes encoding virulenceassociated traits is achieved by RNA structures present in the 5′ untranslated region (UTR) of genes encoding key transcriptional regulators (10, 11) . Recently, it was reported that P. aeruginosa genes encoding virulence factors regulated by QS were induced at 37°C, the human body temperature (12) ; however, the molecular mechanism for this thermoregulation has not yet been determined.
There are several examples in bacteria of genes regulated by temperature-induced changes in an RNA structure at the 5′ UTR of their mRNAs (11, (13) (14) (15) (16) . Genes regulated by these socalled RNA thermometers code either for heat-shock proteins or for positive regulators of genes encoding virulence factors. There are several RNA structures that can function as thermometers (16) . Some of the best-characterized microbial thermometers are the ROSE (Repression Of heat-Shock gene Expression) elements, which have only been reported in transcripts of genes encoding small heat-shock proteins present in several α-and γ-proteobacteria (17) . The sequences of ROSE elements are not extensively conserved, but their structure consists of two, three, or four stem loops ranging from 60 to more than 100 nt in length. The 5′ hairpin(s) remains folded at higher temperatures, whereas the 3′ proximal stem loop that harbors the ribosome binding site or Shine-Dalgarno sequence (SD), and in some instances the AUG start codon, is stable only at low temperatures and melts as the temperature rises. Heat-induced structural changes to this 3′ proximal stem loop expose the SD sequence, allowing ribosome binding and mRNA translation (18) .
In this report, we show that the production of P. aeruginosa RhlR-dependent virulence factors is thermoregulated, increasing at 37°C, and that this increment is caused by a higher RhlR concentration at this temperature. The central element involved in thermoregulation is a ROSE element present in the 5′ UTR of rhlA. At environmental temperatures (30°C or lower), this RNA thermometer is predicted to be highly structured, blocking rhlA translation, causing a polar effect on transcription of rhlB and rhlR initiated at the rhlA promoter. The presence of this RNA thermometer had been predicted by in silico analysis of the PAO1 genome (15) , but no experimental evidence has been provided until now. In addition, we identified an RNA thermometer in the 5′ UTR of lasI, and we show that the translation of this gene is also increased at 37°C, although this increase in translation results only in a marginal increment of 3O-C12-HSL levels. Finally, using quantitative real-time PCR, we verified that P. aeruginosa QS-dependent production of virulence factors is thermoregulated and that this response to temperature is dependent on the two RNA thermometers studied here, the ROSE element located in the 5′ UTR of rhlA and a ROSE-like element in the 5′ UTR of lasI.
Results and Discussion
Growth Temperature Modulates RhlR-Dependent Virulence-Factor Production in P. aeruginosa. To determine whether virulencefactor production was affected by growth temperature in P. aeruginosa, we measured rhamnolipid production at 37°C and 30°C and found it to be considerably higher when this bacterium is cultivated at body temperature (Fig. 1A) , and also that this difference is due to a higher level of transcription of the rhlAB-R operon at 37°C (Fig. 1B) .
Because transcription from the rhlAB-R promoter is strictly activated by RhlR/C4-HSL, we wondered whether the growth temperature also affected other traits regulated by this proteinautoinducer complex. We found that pyocyanin production was also higher at 37°C (Fig. 1A) and that the transcription of the phzA1B1C1D1E1F1G1 operon, which is also dependent on RhlR/C4-HSL for its expression (4, 5), was strongly dependent on growth of the bacteria at 37°C (Fig. 1B) . Furthermore, transcription of lecA (the gene coding for PA-IL, a galactophilic lectin) is higher at 37°C than at 30°C (Fig. 1B) . In contrast, the expression of virulence factors that are dependent on LasR/ 3O-C12-HSL was not significantly affected by growth temperature; for example, elastase expression was not significantly different when P. aeruginosa was grown at these temperatures (Fig. 1A) . Fig. 1 . Expression of RhlR-dependent virulence factors is thermoregulated. Production of several virulence-associated traits (A) and expression of several lacZ transcriptional fusions (B) when P. aeruginosa PAO1 was cultivated at 30°C (white bars) and 37°C (black bars) at OD 600 1.5. Rhamnolipids and pyocyanin were determined from cultures grown in PPGAS medium, and elastase activity was determined from cultures grown in LB medium at an OD 600 of 1.5. Data shown are the average of at least three independent determinations, and the error bars represent SDs. *P < 0.05 by Student t test; ns, not significant. M.U, Miller units.
Intracellular Concentration of RhlR Is Thermoregulated. To determine whether the lower expression at 30°C of the RhlR-dependent virulence-associated traits was due to a reduced RhlR concentration, we measured the level of this protein at 30°C and 37°C by means of western blot experiments. The results clearly show that RhlR concentration is considerably lower when P. aeruginosa is cultivated at 30°C (Fig. 2A) . This thermoregulation was not observed in the case of LasR (Fig. 2B) , one of the main transcriptional regulators involved in rhlR expression as part of the QS response (SI Appendix, Fig. S1 ).
The reduced RhlR concentration at 30°C is not due to a lower level of rhlR transcription from any of the four promoters located immediately upstream of this gene, because a strain that carries plasmid pSC1002 containing a lacZ fusion expressed from these four promoters produced similar levels of β-galactosidase along the P. aeruginosa growth curve at 30°C and 37°C (Fig. 3A) .
As mentioned, the rhlAB-R operon is positively regulated by RhlR/C4-HSL, so a positive autoregulatory loop for rhlR expression is formed, resulting in full induction of the QS response (7). In the experiments of Fig. 3B , we show that this positive autoregulatory loop is only significant at 37°C and not at 30°C. In these experiments, we determined the expression of rhlR from the rhlA promoter in the presence of plasmid pGMYC, which codes for rhlR expressed under the lacZ promoter (SI Appendix, Table S1 ), by measuring the β-galactosidase activity in an rhlR:: Tn′lacZ mutant (PW6882; SI Appendix, Table S1 ) that has an in-frame lacZ chromosomal insertion (Fig. 3B) . The higher expression at 37°C of chromosomal rhlR was not due to an increased expression of RhlR, because the concentration of this protein expressed from plasmid pGMYC was the same at both temperatures (Fig. 3C) .
To further confirm that the higher RhlR concentration at 37°C than at 30°C in the PAO1 strain was determined by thermoregulation of rhlR expression when its transcription starts at the rhlA promoter, we determined the intracellular RhlR level in a PAO1 rhlA::Gm mutant (SI Appendix, Table S1 ). We used this mutant, because the inactivation of rhlA by the insertion of a Gm cassette causes a polar effect on the transcription of rhlB (19, 20) and its expression is abrogated. We reasoned that if rhlR induction at 37°C is driven from the rhlA promoter, thermoregulation of rhlR would also be abrogated in the rhlA::Gm background. Indeed, in the rhlA::Gm mutant, the RhlR concentration was not dependent on the growth temperature, unlike in the wild-type strain (Fig. 2C ). This result confirms that the increased rhlR expression at 37°C is driven from the rhlA promoter. Furthermore, the concentration of RhlA itself is also thermoregulated (SI Appendix, Fig. S2 ).
A ROSE Element Is Responsible for Thermoregulation of the rhlAB-R Operon. To determine whether an mRNA structure could determine thermoregulation, we analyzed the rhlA 5′ UTR using mfold version 3.2 (21) and the RNAfold program of the Vienna RNA package (22) . These analyses revealed the presence of a putative ROSE RNA thermometer that contains all of the reported characteristics shown by these elements (14) , including an unpaired G in the middle of the 3′ proximal stem (SI Appendix, Fig. S3A ). As previously mentioned, this putative RNA thermometer has already been predicted by bioinformatic analysis of the P. aeruginosa genome (15) and is highly conserved in all of the available P. aeruginosa sequenced genomes (SI Appendix, Fig. S4 ) (23) . In addition, this RNA structure in the rhlA 5′ UTR has been recently proposed to be the site of regulation of a small RNA that participates in nitrogen regulation (24) .
The structure of one ROSE element has been elucidated using NMR. In this structure, the 3′ proximal stem loop is responsible for thermoregulation, and the deletion of a highly conserved unpaired G residue in this stem loop leads to the formation of a stable RNA helix without thermosensing ability (14, 18) . Although there is no experimental evidence of participation of the Table S1 ) at 30°C (white bars) and 37°C (gray bars). The first set of bars at both temperatures represents the basal expression of chromosomal rhlR; the second set of bars corresponds to the expression of this gene in the presence of the promoter in strain PW6882, with cloning vector pUCP20 (used as control of rhlR LasR-dependent expression); and the third set of bars at each temperature represents the expression with plasmid pGMYC (SI Appendix, Table S1 ) expressing rhlR in trans. *P < 0.05 by Student t test. (C) RhlR concentration was determined by Western blot analysis, expressed from plasmid pGMYC. The samples were the same as those used for β-galactosidase determination in B.
5′ proximal stem loop(s) in the functionality of ROSE elements, their conservation suggests that they might be important in the proper folding of the 3′ proximal temperature-responsive stem loop, which contributes to the regulation of expression of genes for small heat-shock proteins (11, 25, 26) .
We therefore decided to determine whether the ROSE element present in the 5′ UTR of rhlA was indeed required for thermoregulation of the translation of rhlA by using a biosensor and by constructing point mutations that affect nucleotides that have been shown to be relevant for the function of other ROSE elements (17, 25) .
The pBAD18-lacZ481-based RNA-thermometer biosensor (17) that contains 36 nt of the putative rhlA ROSE element (we call this sequence "small ROSE") is called plasmid pBO-rhlA; it includes the proximal 3′ stem loop and the AUG start codon (nucleotides 74-109 of the ROSE element; Fig. 4 I, A) . We found that the lacZ reporter gene in pBO-rhlA was expressed at a reduced level at 30°C and that expression was higher at 37°C, as expected for a construct containing an RNA thermometer, because the translation of the lacZ reporter gene is thermoregulated (Fig. 4 I, B) . On the other hand, we observed that a mutant in which the characteristic 3′ proximal stem loop of the ROSE element was disrupted by unpairing (G92A) expressed high levels of β-galactosidase at 30°C and at 37°C (Fig. 4 I, B) . Furthermore, using this plasmid, we showed that a mutant lacking the unpaired G (ΔG78) presented an extremely reduced expression both at 30°C and at 37°C (Fig. 4 I, B) . The much higher level of expression from the plasmid carrying the G92A mutation compared with plasmid pBO-rhlA at both temperatures shows that the ROSE element partially controls rhlA translation even at 37°C (the G92A mutation does not modify the sequence of the ribosome binding site; SI Appendix, Fig. S3A) .
Similar experiments were undertaken using plasmid pBOCrhlA, which contains the complete ROSE element present in the rhlA 5′ UTR. These constructs gave results similar to those obtained with the small ROSE but with a lower level of expression (SI Appendix, Fig. S5 ).
The presence of the ROSE element explains the lower level of expression of rhlA at 30°C due to a reduced level of translation at this temperature, which is reflected in a lower concentration of this protein (SI Appendix, Fig. S2 ). In addition, the thermoregulation observed in the expression of the downstream rhlR gene (Fig. 3B) , and the lack of thermoregulation of RhlR concentration on an rhlA insertion mutant (Fig. 2C) , was evidence of the presence of a mechanism that couples rhlA translation with the transcription of the rhlAB-R operon, presumably by a polar effect. To obtain additional evidence on the possible polar effect exerted by the rhlA ROSE element, we used a biosensor with a 5′ rhlA small-ROSE element followed by the entire rhlA coding region and an in-frame rhlB-lacZ fusion starting at the AUG codon of rhlB (pBO-rhlA,rhlB). This construct showed thermoregulation of lacZ expression (Fig. 4 I, C) , making it evident that the polar effect on rhlB is due to the lack of translation of rhlA at 30°C. It is important to stress that there is no apparent transcriptional terminator between rhlB and rhlR that might explain termination of transcription when rhlA translation is reduced.
A deletion derivative of this plasmid called pBO-ΔrhlA,rhlB that lacks 326 nt (+548 to +873), which corresponds to approximately one-third of the rhlA coding region, loses rhlB thermoregulation, because it is expressed at the same level at 30°C and at 37°C (Fig. 4 I, C) . These results show that polarity exerted by lack of rhlA translation on rhlB expression is due to putative termination structures formed on the rhlA mRNA in the absence of attached ribosomes, which prematurely terminate transcription of the operon.
To show that the thermoregulation of the QS response was mainly due to different rhlR expression at different temperatures, and not to an indirect effect of LasR concentration, we used the same vector designed to characterize the rhlA RNA thermometers (pBAD18-lacZ481; SI Appendix, Table S1 ) with a cloned insert corresponding to 110 bp of the 5′ lasR UTR (pBOC-lasR; SI Appendix, Table S1 ) that is not predicted to contain an RNA thermometer. Furthermore, neither the LasR concentration, as measured by Western blot (Fig. 2B) , nor lasR transcription, as determined by quantitative PCR (Fig. 5) , was affected by growth temperature. As expected, the level of β-galactosidase activity encoded by plasmid pBOC-lasR was not affected by growth temperature (SI Appendix, Fig. S6 ).
As a negative control for all experiments that measured thermoregulation based in plasmids derived from pBAD18-lacZ481, we used a construct that contains the 5′ UTR of the Escherichia coli gyrA gene that has already been used as a negative control (15) . We found that β-galactosidase expression of this plasmid is not significantly different at 30°C and 37°C (Fig.  4 I, C) . This result shows that β-galactosidase activity is not affected by growth temperature. However, different constructs based on plasmid pBAD18-lacZ481 show a different level of basal lacZ expression at 30°C, presumably depending on specific features, including SD sequences, of each 5′ UTR tested in each biosensor.
Thermoregulation of Autoinducer Production. The concentration of autoinducers is an important regulatory aspect of the P. aeruginosa QS response, so we were interested to determine whether it was affected by growth temperature. However, because the expression (II, C) Characterization of its derivative with the mutation C84A [pBOC-lasI (C84A)]. Because expression of the constructs containing the lasI ROSE-like element was low, it was necessary to use a β-galactosidase activity assay with a fluorescent substrate for its characterization (SI Appendix, Materials and Methods). The fluorescence detected is expressed as arbitrary fluorescence units (RFUs) and normalized with respect to OD 600 . Cells of E. coli DH5α transformed with the corresponding plasmids were grown at 30°C in LB broth until exponential phase (optical density of 0.5 at 600 nm). After addition of 0.04% L-arabinose, half of the culture was maintained at 30°C (white bars) and the other half was transferred to 37°C (gray bars) for 60 min before measuring β-galactosidase activity. The results expressed in Miller units are the average of three independent experiments with the respective SDs. *P < 0.05 by Student t test.
of autoinducer synthases LasI and RhlI is dependent on the transcriptional activation of the genes encoding these enzymes (lasI and rhlI) by LasR/3O-C12-HSL (2, 3) and because LasR concentration was not affected by growth temperature, we did not expect to see a significant increase in their concentration at 37°C. Unexpectedly, we detected a slight increase in 3O-C12-HSL concentration and a substantial increase in C4-HSL concentration at 37°C (SI Appendix, Fig. S7 ). To discard the effect of the increased concentration of RhlR at 37°C on the production of autoinducers, we measured C4-HSL production in an rhlR mutant at both temperatures and observed a result similar to that obtained in the wild-type strain (SI Appendix, Fig. S7 ). These results suggest that some traits regulated by LasR/3O-C12-HSL, such as the production of autoinducers, and especially of C4-HSL, are also thermoregulated. However, because multiple metabolic steps are involved in the production of autoinducers, it could not be ruled out that the thermoregulation of their concentration might be due to higher metabolic rates at 37°C.
A Second RNA Thermometer Is Present in the lasI 5′ UTR. To determine whether the expression of the genes coding for the autoinducer synthases LasI and RhlI was affected by growth temperature, we measured the level of expression by real-time quantitative PCR of these genes and of those already studied using plasmid biosensors (Fig. 5) . We corroborated the results obtained in previous experiments with plasmid biosensors, but unexpectedly we also detected considerable thermoregulation of mRNA concentration of lasI and to a lesser extent of rhlI (Fig. 5) .
The higher lasI expression at 37°C (Fig. 5 ) resulted only in a small increase in 3O-C12-HSL at this temperature (SI Appendix, Fig. S7 ), as previously mentioned, presumably due to metabolic conditions that modulate the level of LasI substrates. Furthermore, the small increase in 3O-C12-HSL did not have an effect on lasB expression (Fig. 5 ) or elastase production (Fig. 1) , but may be the cause of the increase in rhlI expression (Fig. 5) and of the increased production of C4-HSL at 37°C (SI Appendix, Fig. S7 ). The increase in C4-HSL produced by RhlI potentiates the effect of thermoregulation of RhlR-dependent gene expression.
The thermoregulation of lasI might be explained by the presence of an RNA secondary structure that could function as a thermometer in its 5′ UTR (Fig. 4 II, A and SI Appendix, Fig.  S3B ). This putative RNA thermometer contains the characteristic unpaired G in the middle of a predicted RNA stem. However, the unpaired G is not located in the sequence that is complementary to the SD sequence or the initiation codon (Fig. 4 II, A and SI Appendix, Fig. S3B ), so we call it a "ROSE-like" element. This element at the 5′ UTR of the lasI transcript is highly conserved in all of the available P. aeruginosa sequenced genomes (SI Appendix, Fig. S4B ) (23) .
We followed a strategy similar to that described for rhlA ROSE-element analysis to determine whether this putative thermometer was functional (Fig. 4) . In accordance with our prediction of the presence of an RNA thermometer, we found that the ROSE-like structure in the 5′ lasI UTR caused thermoregulation of its translation (Fig. 4 II, B) , and that a mutation that disrupts the stem of the ROSE-like lasI thermometer (C84A) resulted in a considerable increase in expression of the lasI-lacZ fusion at both temperatures (Fig. 4 II, C) . The increment of expression of the C84A mutant in the lasI RNA thermometer was significant at the two temperatures tested (Fig.  4 II, C) , showing that this RNA thermometer inhibits lasI translation even at 37°C. Because expression of the constructs containing the lasI ROSE-like element was low, it was necessary to use a β-galactosidase activity assay with a fluorescent substrate for its characterization (SI Appendix, Materials and Methods).
To obtain a global picture of the effect of growth temperature on P. aeruginosa gene expression, we carried out a transcriptome analysis of cells cultivated in proteose peptone-glucose-ammonium salts (PPGAS) media at 25°C and 37°C. We used commercially available genome-wide DNA microarrays (Affymetrix) (SI Appendix, Table S2 ), and the results obtained were deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) and are accessible through GEO Series accession no. GSE45695. We observed reduced levels of rhlA, rhlB, and rhlR mRNAs in bacteria grown at 25°C compared with those cultured at 37°C, but this lower expression was not statistically significant (SI Appendix, Table S3 ). These results were expected, considering the molecular mechanism involved in their regulation (RNA thermometer) and the low level of sensitivity of microarray analysis. In addition, the microarray data indicated a significant reduction at 25°C of previously described RhlR-dependent genes (such as the operons encoding for the enzymes involved in pyocyanin synthesis), showing that the effect of thermoregulation of RhlR concentration is biologically significant. We also found in our microarray analysis that lasI was markedly thermoregulated (SI Appendix, Table S2 ).
We find in this work that, in contrast to the complete abrogation of expression of virulence genes by RNA thermometers at 30°C in other bacterial pathogens (10, 11), P. aeruginosa still retains a considerable level of transcription of genes for virulence-associated traits at this temperature ( Fig. 1) (12) . This pattern of regulation is in agreement with the ability of P. aeruginosa to establish pathogenic interactions not only with mammals but also with different hosts including worms (27) , flies (28) , and even plants (29) . Furthermore, our results show that P. aeruginosa displays a different strategy to establish pathogenic interactions with warm-blooded animals (with a full induction of QS response) than with other organisms. Therefore, research results of P. aeruginosa pathogenicity, or testing of possible therapeutic compounds to treat infections caused by this bacterium that uses insect, plant, or nematode models, might not be able to be extrapolated to clinical situations.
In summary, the results presented here show that the expression of P. aeruginosa PAO1 RhlR-dependent virulence-associated traits is considerably diminished at 30°C due to the reduced expression of rhlR from the rhlA promoter. This thermoregulation is achieved by a ROSE RNA thermometer present in the rhlA 5′ UTR that interferes with its translation, and the coupling of this effect to rhlB and rhlR expression. This is the first report, to our knowledge, of a functional ROSE element that regulates the expression of virulence-associated genes, and it is also shown, to the authors' knowledge, for the first time that a ROSE element thermoregulates the expression of an entire operon, presumably by means of a polar effect. In addition, we show that a second RNA thermometer in the 5′ UTR of lasI participates in the thermoregulation of virulence-factor production in P. aeruginosa, but the effect on the production of LasR-dependent virulence factors is only marginal. The only significant effect of the increased 3O-C12-HSL caused by the lasI RNA thermometer that we detected was the thermoregulation of rhlI and hence C4-HSL production.
The RNA thermometer that regulates RhlR-dependent virulence production is not exclusive to the PAO1 strain. We determined the presence of this conserved ROSE RNA thermometer in the available P. aeruginosa sequenced genomes (SI Appendix, Fig. S4 ) (23) . The fact that this RNA thermometer is present in other P. aeruginosa strains suggests that it is important for the differential regulation of virulence trait production by P. aeruginosa growing in environmental conditions or when establishing infections in warm-blooded hosts.
Unraveling the way P. aeruginosa regulates the expression of its virulence-associated traits is of great importance for the development of strategies to control the morbidity and mortality caused by this bacterium. The results presented here contribute to the understanding of this complex phenomenon.
Materials and Methods
A brief description of the materials and methods used is as follows (see SI Appendix, Materials and Methods for a more detailed description).
Bacterial Strains, Plasmids, Media, and Growth Conditions. The bacterial strains and plasmid vectors and their derivatives used in this study are summarized in SI Appendix, Table S1 . A growth curve in PPGAS medium (30) of the PAO1 strain at 30°C and 37°C is shown in SI Appendix, Fig. S7. β-Galactosidase Assays. β-Galactosidase activity was measured either as described by Miller (31) or by using a fluorescent substrate as stated in the text.
DNA Manipulations and Genetic Techniques. DNA manipulations were carried out as previously described (32) and standard genetic techniques were used.
Plasmid Construction. Plasmids used to measure thermoregulation were constructed using a plasmid pBAD18-lacZ481-based biosensor (17) as vector using either annealed oligonucleotides or PCR products.
Other Techniques. Standard techniques were used to perform RNA extraction and quantitative real-time PCR; microarray experiments and data analysis; SDS gel electrophoresis and Western blot analysis; determination of P. aeruginosa virulence-factor production; acyl-homoserine-lactone extraction; and analytical TLC (SI Appendix, Materials and Methods).
Computer Methods. Sequences for computer analysis were retrieved from Pseudomonas Genome Database version 2 (www.pseudomonas.com). RNA secondary structures were predicted using mfold version 3.2 (21) and the RNAfold program of the Vienna RNA package (22) .
Statistical Analysis. Student t test was used to analyze statistical differences between two temperatures. A P value of <0.05 was considered statistically significant.
